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EFFECT OF NOZZLE LATERAL SPACING ON AFTERBODY DRAG AND 
PERFORMANCE OF TWIN-JET AFTERBODY MODELS WITH 
CONE PLUG NOZZLES AT MACH NUMBERS UP TO 2.20 

By Bobby L. Berrier 
Langley Research Center 

SUMMARY 

An investigation has been conducted to determine the effect of nozzle lateral spac- 
ing on the drag and performance of twin-engine afterbody configurations with translating 
shroud cone plug nozzles at Mach numbers of 0.0 and 0.50 to 2.20. Angle of attack was 
held at a constant value of 0°. Two nozzle power settings were investigated, namely, dry 
and maximum afterburning. A high-pressure air system was used to provide jet total- 
pressure ratios up to 20.0. Two nozzle lateral spacings (ratio of distance between nozzle 
center lines to maximum nozzle diameter equal to 1.12 and 1.61) were studied by using 
afterbodies with several interfairing shapes. The close- and wide-spaced afterbodies 
had identical cross-sectional area distributions when similar interfairings were installed 
on each. The nozzles were tested at -5°, 0°, and 5° cant angles. 

The results of the investigation indicate that the overall performance term, thrust- 
minus-total-drag ratio, was generally highest for the close-spaced afterbody, basic inter- 
fairings (no base), and uncanted nozzles. 

INTRODUCTION 

Multiengine airplanes require careful integration of the airframe with the engines 
in order to assure good performance over a wide speed range. Although twin-engine air- 
planes with engines buried in the aft fuselage offer the advantage of compactness and 
alleviation of the one-engine-out stability problem, this afterbody-nozzle arrangement 
can also be extremely sensitive to nozzle-airframe interactions (refs. 1 to 6). Therefore, 
attention has been directed toward the twin- engine aircraft back-end problem in order to 
examine the effects on performance of axial location of the jet exits (ref. 7), engine lat- 
eral spacing (refs. 8, 9, and 10), engine interfairing shape (refs. 3, 9, 10, and 11), and the 
effects of tail-actuator fairings and tail-mounting booms (refs. 6, 8, and 11). 

As part of a program on engine-airframe integration, the Langley Research Center 
is evaluating the performance of various twin-jet nozzles installed near the rear of model 



fuselages. References 9 and 10 report the results of investigations on the effects of 
engine-nozzle lateral spacing for shrouded and unshrouded hinged-flap convergent noz- 
zles and hinged-flap convergent-divergent nozzles, respectively. The present investiga- 
tion shows the effects on performance of engine-nozzle lateral spacing, engine interfair- 
ing shape (varying base area), and nozzle cant angle for translating shroud cone plug 
nozzles. Close- and wide-spaced afterbodies were tested with several alternate engine- 
interfairing shapes. Each afterbody, with corresponding engine interfairings, had identi- 
cal cross-sectional area distributions. Nozzle cant angles of 5°, 0°, and -5° were inves- 
tigated since engine -airframe compatibility (fuel tanks, electronics, accessories, etc.) or 
one -engine -out stability problems may impose some angle other than 0°. 

The investigation was conducted in the Langley 16-foot transonic tunnel at Mach 
numbers from 0.5 to 1.3 with nozzle throat areas corresponding to dry power (minimum 
throat area) and maximum afterburning power (maximum throat area) and in the Langley 
4- by 4-foot supersonic pressure tunnel at a Mach number of 2.20 with the nozzles at 
maximum-afterburner-power setting (max A/B). Jet total-pressure ratio was varied 
from approximately 1.0 (jet-off) to 9 in the transonic facility and to approximately 20 in 
the supersonic tunnel. All configurations were tested without tails and at 0° angle of 
attack. 


SYMBOLS 


A 

A e,ext 
A e ,int 

A en g 

^max 

A seal 

A t 

^D,a 


cross-sectional area, meters^ 

external nozzle exit area for fully expanded flow (fig. 6) of one nozzle, meters^ 

internal nozzle exit area at shroud exit (fig. 6) of one nozzle, meters^ 

engine -tailpipe maximum cross-sectional area, meters^ 

maximum cross-sectional area of afterbody, meters^ 

cross-sectional area enclosed by seal strip, meters^ 

throat area of one nozzle, meters^ 

drag coefficient of afterbody including force on nozzle-clearance annuli, 

Da 

'looAmax 
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C D,f 

C D,w 

c p,a 

d eng 

d plug 

D 

D a 

D bal 

Dnoz 

F 

Fi 


friction drag coefficient of afterbody 
supersonic wave -drag coefficient of afterbody 

P “ P 

afterbody-pressure coefficient, — — 

^oo 

diameter of engine tailpipe at maximum cross section, meters 
maximum diameter of plug, -meters 

afterbody drag plus nozzle-shroud drag, D a + D noz , newtons 

afterbody drag including drag on nozzle-clearance annuli, newtons 

drag measured by afterbody drag balance, positive downstream, newtons 

nozzle-shroud drag, newtons 

nozzle thrust, positive upstream, newtons 

ideal thrust for complete isentropic expansion of jet flow, 

, newtons 



< F - D >bal 

h l> h 2> h 3 

H 

l 


jet thrust minus drag measured by thrust-minus -drag balance, positive 
upstream, newtons 

height of afterbody interfairings, meters (see fig. 3) 

afterbody height at maximum cross section, meters (see fig. 3) 

length of model measured from model nose to dry-power shroud exit, meters 

afterbody length measured from seal station, meters (see fig. 1) 

plug length measured from nozzle throat, meters (see fig. 5) 
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M 

Pa 

Pex 

Pi 

p plug 

P t,j 


R 


s 



X 

x p 


0 

A 

y 


measured mass-flow rate, kilograms/second 

free-stream Mach number 

afterbody static pressure, newtons/meter^ 

external static pressure at seal station, newtons/meter^ 

internal static pressure, newtons/meter^ 

plug static pressure, newtons/meter 2 

jet total pressure, newtons/meter^ 

free-stream static pressure, newtons/meter^ 

free-stream dynamic pressure, newtons/meter^ 

radius of engine nacelle, meters (see fig. 3) 

gas constant (y = 1.4), 287.3 newton-meters/kilogram-kelvin 

spacing distance between engine-nozzle center lines, meters (see fig. 3) 

jet stagnation temperature, kelvins 

axial distance from model nose, positive downstream, meters 

axial distance from nozzle throat location on plug surface, positive down- 
stream, meters 

nozzle cant angle, positive with tip toward model center line, degrees 
indicates an increment 
ratio of specific heats 

A bar over a symbol denotes an average condition. 
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APPARATUS AND METHODS 


Wind Tunnels 

The experimental investigation was conducted in the Langley 16 -foot transonic tun- 
nel and in the Langley 4- by 4-foot supersonic pressure tunnel. The Langley 16 -foot 
transonic tunnel is a single -return, atmospheric tunnel with a slotted, octagonal test sec- 
tion and continuous air exchange. The tunnel has a continuously variable speed range 
from M = 0.20 to M = 1.30. The Langley 4- by 4-foot supersonic pressure tunnel is 
a single-return, continuous -flow wind tunnel with a stagnation-pressure range from 

0.2758 x 10^ N/m^ to 2.0684 x 10^ N/m2 and a stagnation-temperature range from 

310.9 K to 322.2 K. By mechanically deflecting the tunnel floor and ceiling between fixed 
sidewalls, to form a divergent nozzle, the Mach number can be varied from 1.25 to 2.20. 

Model and Support System 

A sketch of the strut-supported model with dry power nozzles installed is presented 
in figure 1, and photographs of the model installed in the Langley 16 -foot transonic tunnel 
and 4- by 4-foot supersonic pressure tunnel are shown in figure 2. The model is sup- 
ported from the tunnel wall by a thin sweptback strut which attaches to the model fore- 
body and starts at the model nose. (See figs. 1 and 2.) 

The term "afterbody," as used in this paper, is the metric portion of the model 
(that portion of the model on which forces and moments are measured), not including the 
nozzles, and starts at the model metric break or seal station (station 83.82). The seal 
station is indicated in the sketch of figure 1 and can be seen in the photographs shown in 
figure 2. A teflon strip inserted into grooves machined into the metric afterbody and 
nonmetric forebody was used as a seal to prevent internal flow in the model. The after- 
body was attached to a drag balance which was attached in tandem to a thrust-minus - 
nozzle-drag balance. An annular clearance gap between the afterbody and nozzles was 
required to prevent fouling of the afterbody drag balance. This balance arrangement was 
discussed in references 7 and 10. To insure a turbulent boundary layer over the after- 
body, a 0.38-cm-wide transition strip of No. 100 carborundum grit was fixed 5.08 cm from 
the model nose. 

The twin-engine simulator utilized a high-pressure air system, described in ref- 
erence 10, to simulate the exhaust flow of a twin-jet configuration. 

Two basic afterbody configurations, one close spaced and one wide spaced, in con- 
junction with several alternate engine interfairings were used in this investigation. Fig- 
ure 3 presents sketches and geometry details of the afterbody and interfairing configura- 
tions. Two lateral spacings between engine-nozzle center lines (s/deng = 1.12 for 
close-spaced afterbody and s/deng = 1.61 for wide-spaced afterbody) were selected for 
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the basic afterbodies. The close spacing was determined by the minimum practical 
clearance between parallel tailpipes, and the wide spacing was limited to the confines of 
the maximum model width. The basic afterbodies had engine interfairings which ended 
ahead of the nozzle at x/l = 0.962 and had no base. The alternate interfairings, which 
attached directly to the afterbodies, had reduced closure angles but ended with a base at 
the dry-power -nozzle exit plane. The basic afterbody configurations had identical longi- 
tudinal distributions of cross-sectional area as shown in figure 4. Addition of the large 
base alternate interfairings to the basic afterbodies also results in identical cross- 
sectional area distributions. The area distribution of the basic afterbodies shown in fig- 
ure 4, between x/l = 0.62 and x/l - 0.97, was calculated by a computer program for 
axisymmetric bodies adapted from reference 12 and is representative of a minimum 
wave-drag body at M = 1.000001 with the restraint of a given forebody geometry, after- 
body length, base area, and an infinite cylindrical-base streamtube. Afterbody configura- 
tions with alternate interfairings represent a deviation from the theoretically obtained 
area distribution. 

Sketches presenting the geometry of the cone plug nozzles are given in figure 5, and 
important geometric parameters are given in figure 6. Two power settings were inves- 
tigated at nozzle cant angles of 5° (in), 0°, and -5° (out) and represent dry power setting 
(see fig. 5(a)) and maximum-afterburner-power setting (herein referred to as max A/B) 
(see fig. 5(b)). The nozzles were designed for use with air as a fluid medium (y = 1.4). 
The ratio of max A/B power throat area to dry-power throat area was 2.5. Photographs 
of several afterbody-interfairing-nozzle configurations are shown in figure 7. 

Instrumentation 

External static-pressure orifices were located on the afterbodies and interfairings 
at the locations indicated in figure 3. External static-pressure orifice locations on the 
nozzle plugs are shown in figure 5. Internal pressures were measured in the afterbody 
cavity at six internal orifice locations. The average external-seal static pressure was 
obtained from eight external orifices located on both sides of the seal gap between the 
forebody and afterbody. Four equal area-weighted total pressures and the stagnation 
temperature of the jet flow were measured in each tailpipe at locations indicated in 
figure 1. 

Forces and moments on the metric portions of the model were measured by strain- 
gage balances. Nozzle thrust minus afterbody and nozzle drag was measured by a three- 
component main balance in the Langley 16-foot transonic tunnel and by a five-component 
balance in the 4- by 4-foot supersonic pressure tunnel. Forces and moments on the 
afterbody shell were measured with a tandem-mounted five -component balance in both 
facilities. An electronic turbine flow meter was used to obtain the air mass-flow rate to 
the nozzles. 
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All data for both the model and wind-tunnel facilities were recorded simultaneously 
on magnetic tape. Approximately seven frames of data were taken over a time period of 
about 2 seconds for each data point in the 16-foot transonic tunnel, and 10 frames of data 
were taken over a time period of about 10 seconds for each data point in the 4- by 4-foot 
supersonic pressure tunnel; average values were used in computations. 

Tests 

Data were obtained in the Langley 16 -foot transonic tunnel at Mach numbers from 
0 to 1.3 and in the Langley 4- by 4-foot supersonic pressure tunnel at a Mach number of 
2.20 at a stagnation pressure of 1.25 x 10^ N/m2 and at a stagnation temperature of 
318 K. The angle of attack was held at a constant value of 0° during the entire investiga- 
tion. Reynolds number based on model length (134.71 cm) varied from approximately 
1.30 x 10? at M = 0.50 to 1.64 x 10^ at M = 1.30 in the Langley 16-foot tunnel and was 
1.72 x 107 at M = 2.20 in the Langley 4- by 4-foot supersonic pressure tunnel. The 
ratio of jet total pressure to free-stream static pressure was varied from approximately 
1.0 (jet off) to about 20.0 depending on Mach number. 

Data Reduction 

The recorded data were used to compute standard force and pressure coefficients. 
The external-seal and internal pressure forces on the afterbodies were obtained by multi- 
plying the difference between the average pressure (external-seal or internal) and free- 
stream static pressure by the affected projected area normal to the model axis. 

Nozzle thrust minus the afterbody and nozzle drag was obtained directly by the 
thrust-minus -drag balance. (See fig. 1.) This performance term was computed as 
follows: 

F - D = (F - D) bal + (p ex - P^Amax - A sea i) + (pj - P^Aseal (1) 

The forces sensed by the balance and included in the term (F - D)^^ are nozzle thrust, 
external and internal axial forces on the nozzle shroud and plug, and afterbody external 
and internal axial forces transferred to the thrust-minus-drag balance through the 
tandem-mounted drag balance. 

Afterbody drag was obtained directly from the tandem -mounted drag balance (see 
fig. 1) and computed from the equation 

D a = D bal _ (P e x " Poo)( A max - A seal) ' - Poo)( A seal _ 2A eng) (2) 
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Included in the afterbody-drag balance term are external and internal axial forces 

on the afterbody shell (including base areas of afterbody and alternate interfairings). 
Included in the afterbody drag D a but not felt by the balance term Dk a j is a pressure- 
area term to account for the annuli between the afterbody and nozzles. 

The internal-pressure correction terms used in force equations (1) and (2) can be 
large, as was reported in reference 7. The magnitude of this correction can be equal to 
the drag -balance readings. 

Thrust-minus-nozzle-drag performance is obtained by combining the two balance 
measurements as follows: 

F - D n0 z = F- D+D a = (F- D)b a i + Db a i + - p^j ^2 A en gj (3) 

At static conditions (M = 0), this equation yields nozzle internal performance since noz- 
zle boattail (shroud) drag is approximately zero with no external flow. However, at Mach 
numbers other than zero, equation (3) includes nozzle boattail drag and external-flow 
effects on nozzle internal performance (effect of external flow on plug pressures). 

Afterbody external skin-friction drag (used for theoretical wave-drag comparisons) 
was calculated by using the Sommer and Short reference temperature method as outlined 
in reference 13. 


DISCUSSION 
Pressure Distributions 

Afterbody pressures .- Figures 8 and 9 present typical pressure distributions on the 
engine interfairing (model center line) for various Mach numbers and jet total-pressure 
ratios. Data are shown for the dry power nozzles at subsonic and low supersonic speeds 
and for the max A/B power nozzles at M = 2.20. Jet operation generally increased the 
interfairing pressure coefficients near the end of the afterbody for M = 1.3. At subsonic 
speeds, jet-interference effects carried forward to station x/l = 0.84; whereas at the low 
supersonic speeds, jet-interference effects were limited to areas aft of station x/l = 0.91. 
At M = 2.20, jet-interference effects were limited to the close-spaced, basic -interfairing 
configuration. 

Figures 10, 11, and 12 present the effects of nozzle lateral spacing, interfairing 
shape and nozzle power setting, and nozzle cant angle, respectively, on engine -interfairing 
pressure distributions. These data are shown at jet total-pressure ratios which are rep- 
resentative of a typical turbofan engine. 

The interfairing pressures on the wide-spaced afterbodies recovered to higher pres- 
sures aft of station x/l = 0.88 than on the close-spaced afterbodies (see fig. 10), regard- 
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less of interfering shape, nozzle power setting, nozzle cant angle, or Mach number. 
However, with the large base interfering (alternate 2) installed, the pressures on the 
interfering forward of station x/l = 0.88 were generally lower on the wide -spaced 
eterbody than those obtained on the close -spaced afterbody. It should be noted that some 
positive pressure coefficients were obtained near the end of the afterbody, especially for 
the configurations having a wide-spaced afterbody and max A/B power nozzle. 

The effect of interfairing shape on interfairing pressures, shown in figure 11, was 
found to be highly dependent on Mach number, nozzle lateral spacing, and nozzle power 
setting, but relatively independent of nozzle cant angle. The most consistent trend was 
observed for the close-spaced afterbody, which generally had higher interfairing pres- 
sures when the large base interfairing (alternate 2) was installed. One exception to this 
trend may be noted for the max A/B power nozzle, M = 0.9 case. 

The effect of nozzle power setting on interfairing pressure distributions can be 
determined by comparing the left- and right-hand sides of figure 11. Changing the noz- 
zle power setting from dry to max A/B increased the pressures near the rear of the 
afterbody for all the configurations shown at M = 0.9 and for the basic -interfairing con- 
figurations at M = 1.3. The effect of nozzle power setting on interfairing pressures was 
small at M = 1.3 for the alternate-interfairing configurations. 

The results of canting the nozzles 5° inward and 5° outward are shown in figure 12. 
The wide-spaced afterbody was tested with nozzle cant angles of 0° and 5° inward only. 
With the basic-interfairing configurations, canting the nozzles inward increased the pres- 
sures near the rear of the interfairing, and canting the nozzles outward generally 
decreased the pressures. The effects from canting the nozzles were more pronounced 
for the close-spaced afterbody, as would be expected, since the wide-spaced afterbody 
nozzles are further removed from the model center line. With the large base interfairing 
(alternate 2) installed, canting the nozzles had little effect on the interfairing pressure 
distribution, probably because the pressure-orifice locations were moved upward and 
away from the nozzles with the alternate -interf airing configurations. 

It should be pointed out that although the previous results and discussion are indic- 
ative of various effects on the interfairing pressures, they do not necessarily indicate 
what happens to the pressures on each nozzle nacelle or to the base pressures on the 
alternate interfairings. Thus, afterbody drag may or may not have the trends expected 
based on interfairing pressures. 

Plug pressures .- Typical plug static-pressure distributions at several Mach num- 
bers and jet total-pressure ratios for the close -spaced, basic-interfairing configuration 
and for the wide-spaced, basic-interfairing configuration are presented in figures 13 and 
14. The left half of each figure shows the left-plug static-pressure distributions and the 
right half shows the right-plug static-pressure distributions; similarly, the upper half 
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presents results for the dry power nozzles and the lower half presents results for the 
max A/B power nozzles. The geometric nozzle throat (minimum area) is located at plug 
station x p/ 4p = 0. The pressure distributions are given in the form of a ratio of plug 
static pressure to jet total pressure, Ppi U g/Pt,j> f° r convenience, values of p^/py, 
which indicate whether the plug static pressures are greater or less than free-stream 
static pressure ^i.e., P p i ug/ /P t) j > Pco/Pt,j indicates p plug > p^, and vice versaj, are 
shown as solid symbols. 

The plug static-pressure distributions shown in figures 13 and 14 are typical of 
cone plug nozzles. (See refs. 14 and 15.) At p t j/p^ < 5.0 for the dry power nozzles 
and p^ j/Poo < 2.0 for the max A/B power nozzles, the pressure distributions at M = 0 
are characterized by a region of relatively constant plug pressure which indicates pos- 
sible exhaust flow separation from the plug. The flow separation exists over a wider 
range of p^. j/Poo f° r th e dry power nozzles than for the max A/B power nozzles because 
of the greater dry-power cone-plug angle. As p^. j/Poo is increased, the initial expan- 
sion, starting at the nozzle throat, extends further down the plug surface; and, thus, the 
minimum plug static pressure has a lower value and its location tends to move down- 
stream such that lower static pressures occur over more of the plug surface. At 
Pt j/ p °° > for the dr y P ower nozzles and Py/p^ > 2.0 for the max A/B power noz- 
zles, the plug static-pressure distributions are made up of a series of minimums and 
maximums caused by a series of flow expansions and compressions. As Mach number 
increases from the M = 0 case, the number of expansions and compressions occurring 
on the plug surface decreases such that, at transonic speeds, the exhaust flow is char- 
acterized by a large initial flow expansion followed by a slow compression of the plug 
static pressures to values approaching free-stream static pressure, especially for the 
dry power nozzles. 

Figure 15 presents the effect of afterbody geometry and nozzle cant angle on the 
plug static-pressure distributions for the dry-power-nozzle setting. The solid line was 
faired through the data points for the configuration with a wide-spaced afterbody, basic 
interfairing, and uncanted nozzle since it is believed that this configuration should have 
the least interference effects on the plug surfaces. Interference effects on plug pressures 
of all other configurations are discussed relative to this configuration. Also shown, as a 
dashed line, is the theoretical plug static-pressure distribution at M = 0 obtained from 
a method of characteristics program adapted from reference 14. Reference 14 also lists 
the assumptions for this program but it should be noted that it was written for isentropic 
flow (no shock waves or strong compressions). At M = 0.5, the interference effects, 
although generally small, appear to be detrimental (i.e., plug static pressure was 
reduced); at higher Mach numbers, the interference effects were generally detrimental 
over the first half of the plug length but were sometimes beneficial over the last half. 
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The largest interference effects occurred with the close-spaced afterbody and particu- 
larly with the large base interfairing (alternate 2). The probable cause is that for these 
configurations a large wake of separated flow from the interfairing base exists between 
the nozzles. 


Performance Characteristics 

Comparison of theoretical and measured afterbody drag .- The afterbody cross- 
sectional area progression shown in figure 4 for basic-interfairing configurations was 

calculated by a computer program for axisymmetric bodies as discussed previously in 

the model and support-system section. The theoretical afterbody drag values, however, 
were obtained by using three-dimensional mathematical models. Figure 16 presents the 
machine -plotted mathematical models used for this purpose. Supersonic wave drag was 
determined by the methods outlined in reference 12 for nonaxisymmetric body wave-drag 
calculations. Skin friction was obtained from surface-area calculations and the Sommer 
and Short reference temperature method discussed in reference 13. 

Figure 17 presents the comparison of the measured (jet off) and calculated after- 
body drags for the wide- and close-spaced afterbodies with basic interfai rings. Theoret- 
ical values were obtained only for the basic-interfairing configurations since the wave- 
drag program could not handle the base areas of the alternate interfairings. Since nozzle 
drag was not included in the theoretical values, the calculated afterbody-drag values were 
independent of nozzle power setting. It should also be noted that although the wide- and 
close-spaced afterbodies had identical normal cross-sectional area distributions, differ- 
ent theoretical drag values were obtained because of skin-friction differences and the 
nonaxisymmetric aspects of the two afterbodies. Good agreement was obtained for the 
max A/B power-nozzle configurations, particularly at M = 2.2; poor agreement was 
obtained for the dry-power-nozzle configurations. The better agreement for the max A/B 
power-nozzle configurations might be expected since the nozzle surface more nearly sim- 
ulates the cylindrical base streamtubes assumed by the wave-drag program. 

Measured afterbody drag coefficients .- Figures 18 to 27 present the variation of 
afterbody drag coefficient with jet total-pressure ratio for all test configurations and 
Mach numbers. Initial operation of the jet below choked conditions (p^j/Poo < 1.89) gen- 
erally reduced afterbody drag, particularly with the max A/B nozzles installed. One 
noticeable exception to this trend was the large base (alternate 2) interfairing configura- 
tions with dry power nozzles installed (see fig. 18(a), for example); this was particularly 
noticeable for the close-spaced afterbody, where initial jet operation caused an increase 
in afterbody drag, probably as a result of the jet-exhaust-flow pumping action on the large 
interfairing base. After the initial effect of turning on the jet flow, afterbody drag gen- 
erally tended to level out or slightly increase until some value of Pt^/Poo between 2.0 
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and 5.0 (depending on configuration) was reached; increasing p^. j^Poo above this value 
generally reduced afterbody drag. 

Static (M = 0) nozzle performance .- The variation of gross thrust-minus-nozzle- 
drag ratio with jet total-pressure ratio at M = 0 is shown in figures 28(a) and 28(b) for 
the dry power nozzles and max A/B power nozzles, respectively. A comparison of mea- 
sured thrust loss as a result of canting the nozzles inward or outward with the calculated 
theoretical loss (1 - cos 0 ) is also given for each nozzle power setting. Since these data 
were obtained at M = 0, nozzle drag should be essentially zero except for any jet pump- 
ing effects which should be negligible. Hence, these data are a close approximation of 
static nozzle internal performance or gross thrust ratio f/Fj. The nozzle static- 
performance curves have two maximums: for the dry power nozzles, these maximums 
occur at approximate jet total-pressure ratios of 2.5 and 6.0; and for the max A/B power 
nozzles, the maximums occur at pj. j^P^ ~ 1-25 and at some of Ptj/Poo greater than 
3.5 which was not obtained. The unusual shape of these curves is probably a result of 
the flow -separation characteristics on the cone plugs as discussed in the section entitled 
"Pressure Distributions." 

For jet total-pressure ratios greater than the choked value, thrust-minus-nozzle- 
drag performance for both nozzle power settings was generally independent of configura- 
tion which indicates that mutual interference effects between the adjacent nozzle exhaust 
flows are negligible. Canting the nozzles reduced the thrust-minus -drag performance 
in all instances, as might be expected since the thrust axis is not parallel to the flight 
direction for the canted nozzles. The performance loss, as a result of canting the noz- 
zles, is shown in the form of an increment of (F - D n oz)/Fi or as a percentage of ideal 
isentropic thrust. The calculated performance loss is shown as a dashed line and was 
0.38 percent of the ideal isentropic thrust for both nozzle power settings. The maximum 
and minimum measured losses were 0.58 and 0.08 percent, respectively. 

Thrust- minus-nozzle-drag performance .- Figures 29 and 30 present the variation 
of thrust-minus-nozzle-drag ratio with jet total-pressure ratio for each configuration and 
Mach number investigated. Thrust-minus-nozzle drag includes the gross nozzle thrust, 
the effect of an external stream, and any interference effects on nozzle internal perfor- 
mance and external nozzle drag. Although the effect of an external stream on nozzle 
internal performance is negligible (for unseparated nozzle flow) for convergent and 
convergent-divergent nozzles like those presented in references 9 and 10, reference 14 
indicates that this effect can be significant for cone plug nozzles. 

For the dry-power-nozzle configurations, large variations in thrust-minus-nozzle 
drag were obtained with varying Mach number. These variations are attributable to vary- 
ihg nozzle drag and changes in nozzle internal performance. It should be noted that sev- 
eral configurations, particularly the basic and small base (alternate 1) interfairing con- 
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figurations, had higher thrust-minus-nozzle-drag performance at subsonic speeds than 
was obtained statically (M = 0). (See fig. 29(a), for example.) At low jet total-pressure 
ratios and at Mach numbers from 0.80 to 0.95, values greater than 1.0 were obtained. 
Values of thrust-minus-drag ratio greater than 1.0 indicate negative nozzle drag (thrust) 
and/or favorable external stream effect on nozzle internal performance. Negative noz- 
zle drag (thrust) was obtained on the twin-engine configurations reported in references 8 
and 10. At M = 1.20 and 1.30, the thrust-minus-nozzle drag was significantly lower than 
that obtained at subsonic speeds because of increased nozzle drag and/or detrimental 
effects of the external stream on nozzle internal performance. 

The thrust-minus-nozzle-drag performance of the max A/B power -nozzle config- - 
urations was relatively insensitive to changes in Mach number. Max A/B nozzle drag 
should be very small and vary little with Mach number since the translating shroud was 
cylindrical in shape. Similarly, since the max A/B cone plug was collapsed and had little 
projected area when compared to the dry -power cone plug, the effect of Mach number on 
internal performance should be small. 

Thrust-minus-total-drag performance .- The variation of thrust-minus-total-drag 
ratio with jet total-pressure ratio is presented in figures -31 and 32 for each configura- 
tion and Mach number investigated. Thrust-minus-total-drag ratio is the overall per- 
formance term of the configuration and includes installed nozzle thrust, nozzle external 
drag, and afterbody external drag. 

Thrust-minus-total-drag ratio generally decreased with increasing Mach number, 
primarily because afterbody drag increased with increasing Mach number. The small 
dip in the curves for the thrust-minus-total-drag ratio for the max A/B power nozzles 
at subsonic speeds was faired after consideration of the static (M = 0) thrust-minus- 
nozzle-drag performance and of the data obtained at M = 0.80 for the configuration hav- 
ing the wide-spaced afterbody, small base (alternate 1) interfairing, and uncanted nozzles. 
(See fig. 31(h).) 


Performance Characteristics at Jet Total-Pressure Ratios 
Typical of a Turbofan Engine 

Turbofan-jet total-pressure -ratio schedule .- In order to simplify data analysis, 
data have been cross-plotted at selected jet total-pressure ratios. Figure 33 presents 
the variation of a typical (maximum dry power) schedule of turbofan -engine total-pressure 
ratio with Mach number, which was used for comparison purposes in this investigation. 
Although discussion for this particular schedule of p^ j^/p^ as a function of M would 
generally be true for other schedules not too greatly different, the relative differences 
between comparisons may vary. 
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Effect of nozzle power setting and alternate interfairings .- The variation of after- 
body drag coefficient, thrust-minus -nozzle -drag ratio, and thrust-minus-total-drag ratio 
with Mach number is shown in figure 34 at the scheduled values of from fig- 

ure 33. Data are shown for each afterbody and nozzle cant-angle combination at both 
nozzle power settings. The effects of the alternate interfairings are shown directly, 
whereas an examination of the left and right sides of each plot gives a comparison of the 
dry power and max A/B power nozzles. 

At subsonic and low-supersonic speeds, installation of the small base and large 
base interfairings (alternates 1 and 2, respectively) generally increased a , decreased 
(F - D n oz)/Fi, and decreased (F - D)/Fi. The effect of alternate interfairings on the 
performance of the dry-power-nozzle configurations was significant but was generally 
small for the max A/B power-nozzle configurations. The detrimental effects of the large 
base interfairing (alternate 2) were always larger than the small base interfairing (alter- 
nate 1). At M = 2.20 and with the max A/B power nozzles installed, the large base 
interfairing provided lower Cp a and higher (F - D)/Fi than the basic interfairing. 

Comparing the left and right side of each figure indicates that changing the nozzle 
power setting from dry power to max A/B power generally decreases Cp) >a , decreases 
(F - D n oz)/Fi, and increases (F - D)/Fi, particularly for M > 0.80. Several reasons 
for this performance gain can be given. First, the max A/B power nozzles are designed 
for operation at higher p t j/p^ than the dry power nozzles such that nozzle internal 
performance increases with increasing Mach number. Second, since the max A/B power 
nozzles are cylindrical in shape, nozzle pressure drag is essentially zero; also, a strong 
compression at the juncture of the afterbody nozzle tends to increase the afterbody pres- 
sures (see fig. 11) and thus decrease afterbody drag. 

Comparison of the parts of figure 34 (i.e., figs. 34(a), 34(b), etc.) shows that the 
highest overall performance was generally obtained with the close-spaced afterbody, 
basic interfairings, and uncanted nozzles. 

Effect of nozzle lateral spacing .- Figure 35 presents the variation of Cp a , 

(F - D n oz)/Fi, and (F - D)/Fj with nozzle lateral spacing for each Mach number inves- 
tigated. This figure is a cross plot of data at the scheduled jet total-pressure ratio for 
each Mach number. 

Although the effect of increasing nozzle spacing on (F - D n oz)/Fj was generally 
small, a decreasing trend was established regardless of configuration. For the basic- 
interfairing configurations, increased nozzle lateral spacing generally increased Cp) a 
and decreased (F - D)/Fi. 

With the large base interfairing (alternate 2) and dry power nozzles installed, after- 
body drag decreased, especially when the nozzles were canted inward 5°, and (F - D)/Fj 
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increased with increasing nozzle lateral spacing. However, with the max A/B power 
nozzles installed with the large base interfairing (alternate 2), increased nozzle spacing 
had little effect on Cj) a , except at M = 2.20 where Cjy a increased and overall per- 
formance (F - D)/Fj decreased. 

Effect of nozzle cant angle .- The variation of Cp) )a , (F - D n oz)/Fi, and (F - D^Fi 
with nozzle cant angle is shown cross-plotted at the scheduled pj. j/p^ in figure 36 at 
several Mach numbers for both nozzle power settings. The canted nozzle configurations 
were not investigated at M = 2.20. 

For the basic- and small-base-interfairing (alternate 1) configurations, canting the 
nozzles inward 5° generally decreased Cj) a but canting the nozzles outward 5° gen- - ~ 
erally increased Cj) a . Canting the nozzles produced mixed results on Cp) )a for the 
large -base -interf airing (alternate 2) configurations. Mixed results on (F - Dnoz)/Fi 
were obtained by canting the nozzles inward, but canting the nozzles outward generally 
reduced (F - D n oz)/Fi. 

Canting the nozzles inward had little or no effect on overall performance (F - Dj/F^. 
Overall performance for the /3 = 5° configurations was generally within 1 percent of the 
/3 = 0° configurations. Canting the nozzles outward significantly reduced (F - D)/Fj. 

The losses associated with the 0 = -5° configurations were as high as 5 percent of the 
ideal isentropic thrust at M = 1.2. 


CONCLUSIONS 

An investigation of the effect of nozzle lateral spacing, interfairing shape, and noz- 
zle cant angle on the drag and performance of twin-jet afterbodies utilizing two nozzle 
power settings of translating -shroud cone plug nozzles was conducted at Mach numbers 
of 0.0 and 0.50 to 2.20. The jet total-pressure ratio was varied from jet-off to approxi- 
mately 20, depending on Mach number and nozzle power setting. Two lateral spacings of 
the nozzle exits were tested with two afterbodies having identical normal cross-sectional 
area distributions when either the basic or alternate interfairings were installed. 

At scheduled jet total-pressure ratios assumed for a turbofan engine, the following 
conclusions are indicated: 

1. Increased nozzle lateral spacing generally increased afterbody drag Cj) a and 
decreased thrust-minus-total-drag ratio (F - D)/Fi for the basic-interfairing config- 
urations. With the large base alternate inter fairing and dry power nozzles installed, 
increased nozzle spacing reduced Co >a , especially when the nozzles were canted inward, 
and increased (F - D)/Fj. However, with the maximum afterburning power nozzles 
installed on the large-base alternate-interfairing configurations, increased nozzle spacing 
reduced (F - D)/Fi. 
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2. At subsonic and low supersonic speeds, installation of the small base and large 
base alternate interfairings increased Cj) a and decreased (F - D^F^, especially for 
the dry-power-nozzle configurations. However, at a Mach number of 2.20 and with the 
maximum afterburning power nozzles, the large base alternate interfairing produced 
lower afterbody drag and higher thrust-minus-total-drag ratio than the basic interfairing. 

3. Canting the nozzles inward generally reduced Cq a for the basic- and small- 
base alternate-interfairing configurations, whereas canting the nozzles outward generally 
increased Cq a . Canting the nozzles produced mixed results on Cj 3 a for the large- 
base alternate -inter fairing configurations. Canting the nozzles inward had little or no 
effect on (F - D)/^; canting the nozzles outward decreased (F - D^F^. 

4. The highest overall performance was generally obtained with the close-spaced 
afterbody, basic interfairings (no base), and uncanted nozzles. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., October 16, 1972. 
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Low-pressure plenum chamber ^ — Tailpipe 
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All dimensions are in centimeters. 
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(a) Langley 16-foot transonic tunnel installation. 
Figure 2.- Photographs of twin-jet model mounted in wi„, 
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(b) Langley 4- by 4-foot supersonic pressure tunnel installations. 
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(a) Close-spaced afterbody. 

Figure 3.- Sketches of afterbodies and alternate interfairings showing important dimensions and orifice locations. 

All dimensions are in centimeters. 












Basic afterbodies 

Wide-spaced afterbody plus alternate 1 interfairing 
Basic afterbodies plus alternate 2 interfairing 
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Figure 4.- Area distributions of twin-jet afterbody configurations with dry power nozzles. 

A max = 287.90 cm2. 
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Figure 5.- Concluded. 
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Figure 6.- Important geometric parameters of nozzle configurations. 
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(a) Close-spaced afterbody. 

Figure 7.- Photographs of several twin-jet afterbody configurations. 
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Figure 7.- Concluded. 




Figure 8.- Typical longitudinal pressure distributions at several jet total-pressure ratios and Mach numbers. 
Close-spaced afterbody; dry nozzles; basic interfairing; /3 = 0°. Flagged symbols indicate bottom row. 
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'igure 9.- Typical longitudinal pressure distributions at M = 2.2 and several jet total-pressure ratios. 
Max A/B nozzles; /3 = 0°. Flagged symbols indicate bottom row! 
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(a) Dry nozzles; 0 = 0°. 

Figure 10.- Effect of nozzle lateral spacing on afterbody interfairing pressure distributions. 
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(b) Max A/B nozzles; /3 = 0°. 
Figure 10.- Continued. 
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Afterbody 
O Close -spaced 
□ Wide-spaced 

Basic interfair ing 
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(c) Max A/B nozzles; j8 = 5°. 
Figure 10.- Concluded. 
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(a) Close-spaced afterbody. 

Figure 11.- Effect of engine interfairing and nozzle power setting on interfairing pressure distributions. 
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(b) Wide-spaced afterbody. 
Figure 11.- Continued. 
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Figure 11.- Concluded. 
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(a) Close-spaced afterbody; basic interfairing. 

Figure 12.- Effect of nozzle cant angle on interfairing pressure distribution. 
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-spaced afterbody; alternate 2 interfairing. 
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Figure 13.- Plug static-pressure distributions at several Mach numbers.. Close-spaced afterbody with basic 
interfairing. Flagged symbols indicate bottom-row orifices; solid symbols indicate values of p /p^. j* 
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Figure 13.- Continued. 
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Figure 13.- Continued. 
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Figure 13.- Continued. 
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Figure 13.- Continued, 
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Figure 14.- Plug static-pressure distributions at several Mach numbers. Wide-spaced afterbody with basic 
interfairing. Flagged symbols indicate bottom-row orifices; solid symbols indicate values of p^Pj. j. 
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Figure 14.- Continued. 


Dry nozzles 



Figure 14.- Continued. 






Method of characteristics, ^j/ParS.OCHreference) 

O Wide-spaced afterbody, basic interfairing, /3 = 0° 

□ Close-spaced afterbody, basic interfairing, /3=0° 

O Close-spaced afterbody.bosic interfairing, 0 = 5° 

A Close-spaced afterbody, alternate 2 interfairing, ^ = 0° 
•A Close-spoced afterbody, alternate 2 interfairing, /3= 5° 
Q Wide- spaced afterbody, alternate 2 interfairing, /3 = 5° 



Xp// p 

(a) M = 0 and 0.50. 

Figure 15.- Effect of afterbody geometry and nozzle cant angle on plug static-pressure 

distributions. Dry nozzles installed. 
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O Wide-spaced afterbody, basic interfacing^ =0° 

D Close-spaced afterbody, basic interfacing, £=0° 

O Close-spaced afterbody, basic interfairing, /3=5° 

A Close-spaced ofterbody, alternate 2 interfairing, /3=0° 
21 Close-spaced afterbody, alternate 2 interfairing, £=5° 
Q Wide- spaced afterbody, alternate 2 interfacing, /3= 5“ 
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(b) M = 0.90 and 1.20. 
Figure 15.- Concluded. 
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(b) Wide-spaced; basic interfairing. 

Figure 16 - Machine-plotted illustrations of mathamatical models used in skin-friction and wave-drag calculations. 

Nozzle not represented. 
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Figure 17.- Comparison of afterbody-drag data with theoretical values of afterbody drag. Basic interfairing; 

j3 = 0°; jet off. 
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(a) M = 0.50 and 0.80. 

Figure 18.- Variation of afterbody drag coefficient with jet total-pressure ratio. 
Close-spaced afterbody; dry nozzle; /3 = 0°. Flagged symbols indicate 
decreasing jet total-pressure ratio. 
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(c) M = 1.20 and 1.30. 

Figure 18.- Concluded. 
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(a) M = 0.50 and 0.80. 

Figure 19.- Variation of afterbody drag coefficient with jet total-pressure ratio. 
Close-spaced afterbody; dry nozzle; /3 = 5°. Flagged symbols indicate 
decreasing jet total-pressure ratio. 
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(b) M = 0.90 and 0.95. 
Figure 19.-* Continued. 
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(c) M = 1.20 and 1.30. 
Figure 19.- Concluded 




(a) M = 0.50 to 0.90. 

Figure 20.- Variation of afterbody drag coefficient with jet total-pressure ratio. 
Close-spaced afterbody; dry nozzle; /3 = -5°; basic interfairing. Flagged 
symbols indicate decreasing jet total-pressure ratio. 
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(b) M = 0.95 to i,30. 
Figure 20.- Concluded. 
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Interfairing 
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O Alternate 2 
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(a) M = 0.50 and 0.80. 

Figure 21.- Variation of afterbody drag coefficient with jet total -pressure ratio. 
Close-spaced afterbody; max A/B nozzle; 0 = 0°. Flagged symbols indicate 
decreasing jet total-pressure ratio. 
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(b) M = 0.90 and 0.95. 
Figure 21.- Continued. 
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Figure 21.- Continued. 
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Figure 21.- Concluded. 




(a) M = 0.50 to 0.90. 

Figure 22.- Variation of afterbody drag coefficient with jet total-pressure ratio. Close- 
spaced afterbody; max A/B nozzle; = 5°; basic interfairing. Flagged symbols indi- 
cate decreasing jet total-pressure ratio. 
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(a) M = 0.50 and 0.80. 

Figure 23.- Variation of afterbody drag coefficient with jet total -pressure ratio. Close- 
spaced afterbody; max A/B nozzle; /3 = -5°. Flagged symbols indicate decreasing 
jet total-pressure ratio. 
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(b) M = 0.90 and 0.95. 
Figure 23.- Continued. 
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(c) M = 1.20 and 1.30. 
Figure 23.- Concluded. 
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(a) M = 0.50 and 0.80. 

Figure 24.- Variation of afterbody drag coefficient with jet total-pressure ratio. Wide-spaced afterbody; dry 
power; /3 = 0°. Flagged symbols indicate decreasing jet total-pressure ratio. 
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Figure 24.- Concluded. 
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(a) M = 0.50 and 0.80. 

Figure 25.- Variation of afterbody drag coefficient with jet total-pressure ratio. Wide-rspaced afterbody; dry 
nozzle; /3 = 5°. Flagged symbols indicate decreasing jet total-pressure ratio. 
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Figure 25.- Continued. 
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Figure 25.- Concluded. 
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(a) M = 0.50 and 0.80. 

Figure 26.- Variation of afterbody drag coefficient with jet total-pressure ratio. Wide- 
spaced afterbody; max A/B nozzle; j3 = 0°. Flagged symbols indicate decreasing jet 
total-pressure ratio. 
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Figure 26.- Continued. 




CP 

c 


jU 

c 



o 

CM 

CQ 

II 


o 

Q 

U 


81 


Figure 26.- Concluded. 
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(a) M = 0.50 and 0.80. 

Figure 27.- Variation of afterbody drag coefficient with jet total -pressure ratio. Wide- 
spaced afterbody; max A/B nozzles; = 5°. Flagged symbols indicate decreasing jet 
total-pressure ratio. 
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(b) M = 0.90 and 0.95. 
Figure 27.- Continued. 
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Figure 27.- Concluded. 
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P »,i/Pco ! 

(a) Dry power nozzles. ' 

Figure 28.- Variation of thrust-minus-nozzle-drag ratio at M = 0. Effect of nozzle cant angle. Flagged symbols 

indicate decreasing jet total-pressure ratio. 
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Figure 28.- Concluded. 
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P..j/P® 

(a) Close -spaced afterbody; basic interfairing; /3 = 0°. 


Figure 29.- Variation of thrust- minus -nozzle -drag ratio with jet total-pressure ratio for 
two nozzle power settings. Flagged symbols indicate decreasing jet total-pressure ' 
ratio. 
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(c) Close-spaced afterbody; basic interfairing; (3 = 5°. 
Figure 29.- Continued. 
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(d) Close-spaced afterbody; alternate 2 interfairing; 
Figure 29.- Continued. 


M 

O 0.50 
□ 0.60 
O 0.90 


A 0.95 





(e) Close-spaced afterbody; basic interfairing; j3 = -5°. 


Figure 29.- Continued. 
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(f) Close-spaced afterbody; alternate 2 interfairing; /3 = -5°. 
Figure 29.- Continued. 
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(g) Wide-spaced afterbody; basic interfairing; /3 = 0°. 
Figure 29.- Continued. 
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(h) Wide-spaced afterbody; alternate 1 interfairing; /3 = 0°. 


Figure 29.- Continued. 
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(k) Wide-spaced afterbody; alternate 1 interfairing; 
Figure 29.- Continued. 
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(1) Wide-spaced afterbody; alternate 2 interfairing; /3 = 5°. 


Figure 29.- Concluded. 
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Figure 30.- Variation of thrust-minus-nozzle-drag ratio with jet total-pressure ratio for, several combinations of 

afterbodies and interfairings. M = 2.20; max A/B nozzles; /3 = 0°. 
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(a) Close-spaced afterbody; basic interfairing; /3 = 0°. 


Figure 31.- Variation of thrust-minus-total-drag ratio with jet total-pressure ratio for 
two nozzle power settings. Flagged symbols indicate decreasing jet total-pressure 
ratio. 
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(b) Close-spaced afterbody; alternate 2 interfairing; /3 = 0°. 
Figure 31.- Continued. 
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(c) Close-spaced afterbody; basic interfairing; /3 = 5°. 


Figure 31.- Continued. 
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(d) Close-spaced afterbody; alternate 2 interfairing; 

Figure 31.- Continued. 
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(e) Close-spaced afterbody; basic interfairing; /3 = -5°. 


Figure 31.- Continued. 
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(f) Close-spaced afterbody; alternate 2 interfairing; /3 = -5°. 
Figure 31.- Continued. 
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(g) Wide-spaced afterbody; basic interfairing; /3 = 0°. 


Figure 31.- Continued. 
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(h) Wide-spaced afterbody; alternate 1 interfairing; fi = 0°. 
Figure 31.- Continued. 
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(i) Wide-spaced afterbody; alternate 2 interfairing; 0 = 0°. 
Figure 31.- Continued. 
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(j) Wide-spaced afterbody; basic interfairing; j3 = 5°. 


Figure 31.- Continued. 
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(k) Wide-spaced afterbody; alternate 1 interfairing; 

Figure 31.- Continued. 
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(1) Wide-spaced afterbody; alternate 2 interfairing; /3 = 5°. 
Figure 31.- Concluded. 
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Figure 32.- Variation of thrust-minus-total-drag ratio with jet total-pressure ratio for several combinations 
of afterbodies and interfairings. M = 2.20; max A/B nozzles; /3 = 0°. 
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Figure 33.- Typical jet-total-pressure-ratio schedule for a turbofan engine. 
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(a) Close-spaced afterbody; /3 = 0°. 

Figure 34.- Variation of afterbody drag coefficient, thrust-minus -nozzle-drag ratio, and 
thrust-minus -total-drag ratio with Mach number for the scheduled jet total-pressure 
ratio. Effect of nozzle power setting and interfairing shape. 
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(b) Close -spaced afterbody; 0 = 5°. 
Figure 34.- Continued. 
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(c) Close-spaced afterbody; /3 = -5°. 
Figure 34.- Continued. 
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Figure 34.- Continued. 
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Figure 34.- Concluded. 
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(a) M = 0.50. 

Figure 35.- Effect of engine lateral spacing on drag coefficient, thrust-minus -nozzle-drag 

ratio, and thrust-minus -total-drag ratio. 
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(e) M = 1.20. 


Figure 35.- Continued. 
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Figure 35.- Concluded. 
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/3, deg 

(a) Dry power nozzles; M = 0.50. 

Figure 36.- Effect of nozzle cant angle on afterbody drag coefficient, thrust- minus -nozzle-drag ratio, and thrust 
minus-total-drag ratio at several Mach numbers and scheduled jet total-pressure ratios. 
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(b) Max A/B power nozzles; JV 
Figure 36.- Continued. 
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Figure 36.- Continued. 
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(d) Max A/B power nozzles; M = 0.90. 
Figure 36.- Continued. 
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(e) Dry power nozzles; M = 1.20 
Figure 36.- Continued. 



(£) Max A/B power nozzles; M = 1.20. 
Figure 36.- Concluded. 
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